Abstract. The number and distribution of sperm in the sperm storage tubules (SSTs) in the uterovaginal junction (UVJ) of the Zebra Finch (Poephila guttata) oviduct was examined under three copulation patterns: single insemination, multiple insemination by the same male, and multiple insemination by two males in sequence. The proportion of SSTs containing sperm varied markedly between birds (range = 22-99O/0), and was positively correlated with the mean number of sperm per SST. All SSTs were apparently ' active' and capable of storing sperm. Multiply mated females had higher sperm loads than those mated once, with one exception. The maximum number of sperm in the UVJ of a single bird was 62,000; the minimum, 540. Within birds, sperm were distributed nonrandomly between SSTs. In all birds most sperm were located at the distal end of SSTs in a single clump. There was no evidence that sperm from separate ejaculates from either the same or different males remained stratified within SSTs. The degree of stratification was low and was determined by the number of sperm in the UVJ. It seems unlikely that stratification of sperm within SSTs accounts for last male sperm precedence in the Zebra Finch.
INTRODUCTION
The females of several bird species are known to store sperm following copulation, prior to using it to fertilize their eggs (Howarth 1974 , Birkhead 1988 ). The primary storage site is at the uterovaginal junction (UVJ), where sperm are held in sperm storage tubules (SSTs) (Bakst 1987 ). The SSTs ofdomestic chickens and turkeys have been studied extensively, but the way in which sperm enter, are maintained, and leave the SSTs is poorly understood (Zavaleta and Ogasawara 1987). Sperm storage tubules are present in all nondomesticated species examined to date (Hatch 1983 , Shugart 1988 ), but the manner in which they store sperm has not previously been examined.
The fact that birds store sperm prior to fertilization may predispose them to sperm competition (Birkhead 1988) . If a female bird is inseminated by more than one male, the sperm from the last mating usually has precedence over those introduced earlier (Birkhead 1988 , Birkhead et al. 1988a ). This pattern, referred to as last male sperm precedence, is thought to occur because sperm from successive inseminations remain stratified within the SSTs, with a last in-first out ' In the Zebra Finch (Poephila guttata), the only passerine in which sperm storage and sperm competition have been investigated, females can store sperm for a median duration of 10 days (maximally 13 days; Birkhead et al. 1989 ). Extrapair copulation occurs among wild Zebra Finches and can result in extra-pair paternity (Birkhead et al. 1988b; Birkhead et al., unpubl.) . Our experiments have shown that when two males copulate with a female during a single breeding cycle, last male sperm precedence occurs (Birkhead et al. 1988a (Birkhead et al. , 1989 ). Elsewhere we have presented a quantitative description of the numbers and gross structure of SSTs in the Zebra Finch (Birkhead and Hunter 1990a) . In the present paper we describe the numbers and distribution of spermatozoa in Zebra Finch SSTs. The manner in which sperm are distributed within and between SSTs may help us understand the way that sperm are stored and the way in which sperm from different males compete to fertilize eggs. The aim of this and our other studies is to understand the mechanisms involved in sperm storage and sperm precedence.
METHODS
Zebra Finches used in this study were domesticated birds bred at Sheffield University from a population established in 198 5. Birds were maintained on a L:D regime of 14: 10 at 20°C and provided with food and water ad libitum. Under these conditions Zebra Finches are capable of breeding throughout the year.
We examined the UVJ region of eight Zebra Finch oviducts: birds 1,2, and 3 received a single insemination, birds 4, 5, and 6 received multiple inseminations from the same male, and birds 7 and 8 received multiple inseminations from two different males in succession. The sample sizes were small to minimize the number of birds sacrificed. All females had reproduced at least once before but had not been with a male for 6 months UVJ FIGURE 1. Diagram to show the manner in which a single, primary mucosal fold was divided into three regions: anterior, mid, and caudal (see text, and also Fig. 4a ) in the Zebra Finch.
Birds were sacrificed, the oviducts removed, and material prepared as described elsewhere (Birkhead and Hunter 1990a) . Briefly, the lamina prior to the present study. Prior to being used in propria of individual, primary mucosal folds from the present study males were maintained in allthe UVJ was removed and examined micromale flocks in an aviary and had bred at least scopically, unfixed, in phosphate buffered saline once before. No male had been with a female for (PBS). Under medium power ( x 100 magnifica-4 weeks prior to the present study. Birds of both tion) we recorded the structure of the SSTs, that sexes were in reproductive condition when the is, the number of branches of each SST, and study was carried out. under high power ( x 400 magnification), the conDuring a breeding cycle a female Zebra Finch tents of each branch (see Fig. 4 ). Although the typically copulates with her partner about 12 SSTs of poultry have been examined in detail, times. Defining day 0 as the day on which the they have been studied using standard histologfirst egg of the clutch is laid, most copulations ical sections and there have been no quantitative occur during days -5 to 0. A single insemination accounts of the numbers and distribution of sperm is sufficient to fertilize the entire clutch of six in SSTs using fresh, unfixed material. The Zebra eggs (Birkhead et al. 1988a (Birkhead et al. , 1989 . In the present Finch is ideal for this type of study because its study we compared the SSTs of females copu-UVJ mucosal tissue is transparent and the rellating (and being inseminated) once with a fertile atively low numbers of sperm in individual SSTs male, with birds which had copulated several means that they can be easily counted in unfixed, times. The birds copulating only once (birds 1, unstained preparations. 2, and 3) were initially paired to a vasectomized For each bird we examined five, randomly semale (to stimulate a normal reproductive cycle, lected, primary mucosal folds. We divided the but allowing us to control the number of matings: portion of each fold containing SSTs, transversesee Birkhead et al. 1989 ) and after 4 days allowed ly into three equal sized areas. This was done by to copulate once with an intact male. The UVJs simply marking the zones on the cover slip of of these birds were examined 4, 18, and 24 hr the preparation with a waterproof pen. The zones after their single insemination, on day -4 oftheir were referred to as anterior, mid, and caudal (Fig. cycle (estimated from follicle size: T. R. Birk-1): we examined 10 SSTs in each. Thus we obhead, unpubl.). The females copulating several tained information from a total of 50 SSTs for times were paired to intact males and their beeach zone and a total of 150 SSTs for each bird. havior video-taped continuously for 3 to 7 days. The following information was recorded for each We then examined the tapes to determine the SST branch: the total number of sperm, the distotal number of behaviorally successful copula-tribution of the sperm in the SST lumen, and the tions (i.e., those with cloaca1 contact). Bird 4 orientation of the sperm heads. We were particcopulated 14 times over 7 days and was examularly interested in whether sperm were stratified ined on day -1, 30 hr after the last copulation.
within the lumen of SSTs, and to estimate the Bird 5 copulated 12 times over 7 days, and was extent of stratification we used the following sysexamined on day -3, 23 hr after the last copu-tern. Sperm storage tubule branches were divided lation. Bird 6 copulated six times over 3 days into those containing less than 10 sperm, or 10 and was examined on day -3, 26 hr after the or more sperm. For the former we recorded last copulation.
whether the sperm were at the distal end of the tubule branch, in the middle, near the entrance, or spread along the lumen (Fig. 2 ). Tubule branches with 10 or more sperm were divided into those where the sperm formed a single clump and those where it did not. For SSTs with single clumps of sperm we recorded its positions: distal, middle or entrance (as above). SST branches which contained sperm not in a single clump were classed as stratified and were divided into three categories: more than one clump, evenly distributed between two or more regions (e.g., between distal and middle, or distal and entrance), and mixture of clumped and spread. These different categories are illustrated diagrammatically in Figure 2 . To address the question of whether last male sperm precedence occurs through sperm stratification in SSTs, we simulated the pattern of copulation which occurred during our sperm competition experiments in which last male sperm precedence occurred (Birkhead et al. 1988a ) by mating females 7 and 8 sequentially with two different males. Previous studies have demonstrated that last male sperm precedence occurs only when inseminations are separated by four or more hours (Compton et al. 1978 , Birkhead 1988 , Birkhead and Hunter 1990b . Since sperm numbers in the Zebra Finch oviduct were generally low (see below), birds 7 and 8 were implanted with 17/3 estradiol to increase the number of copulations they performed within a specific time period (see Clayton and Prove, in press). Bird 7 copulated 10 times; four times with one male over 24 hr and six times with another 22 hr later. Bird 8 copulated 10 times: eight times with one male (over 5 days) and twice with another male 7 hr later. We then compared stratification in birds 1-6 with birds 7 and 8.
RESULTS

SST STRUCTURE
In all birds most SSTs were either unbranched (69%) or comprised two branches (21%): tubules (Table 2) . We used three-way G-tests (Sokal and Rohlf 198 1) to examine differences between three variables: birds, UVJ regions, and sperm numbers (classifying SSTs into those containing 0, l-10, 1 l-20, and 21 or more sperm: Fig. 3 ). Separate G-tests were performed on singly and multiply mated females. For singly mated birds the number of sperm did not differ significantly betweeen UVJ regions (x2 = 4.3, df = 6, ns), but there was a marked difference between birds (x2 = 424.2, df = 6, P < 0.00 l), due mainly to bird 3 which contained a much larger number of sperm (Fig. 3) between singly and multiply mated females has been attempted because of the very high sperm numbers in bird 3 and low numbers in bird 1 (see Table 2 ). 
SPERM DISTRIBUTION BETWEEN SSTs
We examined the distribution of sperm between SSTs within birds using variance:mean ratios (Elliot 197 1). For all birds the distribution of sperm was significantly aggregated (Table 3) . To check that these nonrandom distributions did not arise simply because some SSTs were "switched off' (see below), we repeated the analysis but excluded all SSTs without sperm. The result of this second analysis again showed significant aggregated distributions, except for bird 1 in which sperm numbers were extremely low (Table 2) . Most studies of chickens and poultry (using fixed, stained tissue) have described sperm lying in tight, agglutinated bundles within the SSTs (Zavaleta and Ogasawara 1987). While this was true in the Zebra Finch, we also observed some sperm spiralling along their longitudinal axes (as described by Humphreys 1972) undulating, or apparently "vibrating." In some cases sperm within SSTs were still actively moving 24 hr after the previous insemination.
LOCATION OF SPERM IN SSTs
In all birds the majority of sperm was located at the distal end of the tubule (Table 4) with their heads orientated towards the distal end (99.9%). Figure 4 shows the orientation and distribution of sperm within sperm storage tubules. The proportion of SST endings containing 10 or more sperm varied from 0% to 79% between birds (Table 4) . Both bird 7 and 8 had relatively high proportions of SSTs containing 10 or more sperm (23% and 44%, respectively). They also had relatively high proportions of SSTs in which sperm were stratified (14% and 22%, respectively), but again these values did not exceed those of bird 3, or bird 5 (a multiply mated female) (Table 4) . Overall, our results indicate that the extent of stratification of sperm within SSTs is determined mainly by the total number of sperm in the UVJ rather than by the interval between successive inseminations. The correlations between log sperm numbers and the percentage (arcsine) of SSTs with more than 10 sperm, or with stratified sperm for all birds (birds 1 to 8) were highly significant (r = 0.901, df = 6, P < 0.01; Y = 0.908, df = 6, P < 0.01, respectively).
DISCUSSION
Our main results are that the proportion of SSTs containing sperm varied markedly between birds and was positively correlated with the mean number of sperm per tubule. The greatest number of sperm in the UVJ of one bird was estimated as 62,000. Within birds sperm were highly aggregated. Only birds with high sperm loads had SSTs in which sperm showed any stratification. Since Zebra Finches copulate about 12 times on average for each clutch of eggs, we expected sperm numbers to be higher in those females which had copulated several times compared with those copulating only once. With one exception this was true. However, bird 3 contained more sperm than any of the multiply mated females. There are several possible explanations for this: (1) There are large differences between males in the numbers of sperm in a single ejaculate. This is certainly true in some poultry (Parker et al. 1942) and in budgerigars (Melopsittacus undulatus) (J. Samour, pers. comm.). We are currently investigating this in the Zebra Finch, and our results so far indicate that intermale differences in sperm numbers ejaculated are similar to those recorded in the present study, so this seems the most likely explanation for the variation in our data. Other possibilities include (2) that females differ in the proportion of sperm they sequester in the SSTs, and (3) sperm numbers present in SSTs vary with time from the last insemination (Wishart 1987 , it is feasible that the sperm from the last mating could enter most or all SSTs already containing sperm and thereby overlie most sperm present from previous inseminations. However, there is no direct evidence that last male sperm precedence occurs through stratification of sperm within the SSTs for any bird species. Moreover, one set of observations is inconsistent with the stratification hypothesis: in a situation where two artificial inseminations have taken place, as in poultry studies, one might expect that after several days of egg laying the sperm from the last male would be more or less completely utilized, and that sperm from the earlier mating might start to fertilize eggs. However, despite the apparently exponential decline in sperm numbers from SSTs (Wishart 1987) , there is no evidence for such an effect (Lodge et al. 197 1, Compton et al. 1978 ). A theoretical model of sperm competition in the chicken (Lessells and Birkhead, in press) also shows that this lack of a long-term decline in precedence is inconsistent with stratification as a mechanism of sperm competition.
DISTRIBUTION OF SPERM WITHIN THE UVJ
The results from the present study are consistent with the idea that sperm precedence in the ' Zebra Finch occurs through some means other than stratification.
